Bi-alkali antimonide photocathodes are the best known sources of electrons for high current and/or high bunch charge applications like Energy Recovery Linacs or Free Electron Lasers.Despite their high quantum efficiency in visible light and low intrinsic emittance, the surface roughness of these photocathodes prohibits their use as low emittance cathodes in high accelerating gradient superconducting and normal conducting radio frequency photoguns and limits the minimum possible intrinsic emittance near the threshold. Also, the growth process for these materials is largely based on recipes obtained by trial and error and is very unreliable. In this paper, using X-ray diffraction, we investigate the different structural and chemical changes that take place during the growth process of the bi-alkali antimonide material K 2 CsSb.
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Bi-alkali antimonide photocathodes are the best known sources of electrons for high current and/or high bunch charge applications like Energy Recovery Linacs or Free Electron Lasers.Despite their high quantum efficiency in visible light and low intrinsic emittance, the surface roughness of these photocathodes prohibits their use as low emittance cathodes in high accelerating gradient superconducting and normal conducting radio frequency photoguns and limits the minimum possible intrinsic emittance near the threshold. Also, the growth process for these materials is largely based on recipes obtained by trial and error and is very unreliable. In this paper, using X-ray diffraction, we investigate the different structural and chemical changes that take place during the growth process of the bi-alkali antimonide material K 2 CsSb.
Our measurements give us a deeper understanding of the growth process of alkaliantimonide photocathodes allowing us to optimize it with the goal of minimizing the surface roughness to preserve the intrinsic emittance at high electric fields and increasing its reproducibility. 
I. INTRODUCTION
A wide range of electron accelerator-based projects need photoinjectors capable of high current and low emittance operation. The high repetition rate of Energy Recovery Linacs (ERLs) and a new generation of Free Electron Lasers (FELs) requires that the photocathode used in the photoinjector operate with a high quantum efficiency (QE) and lowest possible intrinsic emittance. The high QE is required so that the requirements on the laser used for photoemission can be reasonable 1 and the lowest possible intrinsic emittance is required to minimize the emittance of the electron beam obtained from a photoinjector 2 , thus maximizing the electron beam brightness. In order to allow simpler longitudinal and transverse beam shaping, high sensitivity in the visible part of the spectrum is desired. Additionally, in order to deliver high beam currents for extended periods of time the cathode needs to be robust to vacuum conditions 3 .
The only cathode materials that satisfy these constraints are the alkali antimonides, for example K 2 CsSb. These materials offer a QE of up to 10 % in the green (532 nm), with low intrinsic emittance (∼ 0.36 microns per mm rms laser spot size) 4,5 . Due to its robustness to vacuum conditions compared to other high QE cathodes such as negative electron affinity GaAs, K 2 CsSb is the only known cathode material suitable for high current applications and holds the world record for the highest current delivered from any photoinjector 3 .
Alkali-antimonides have also been used to demonstrate bunch charges as high as 2 nC from high gradient superconducting radio frequency guns 6 , however, no measurement of intrinsic emittance of the cathode has been made at high gradients. Apart from the surface roughness, another drawback of the growth process of alkaliantimonide photocathodes is its unreliability and is extreme sensitivity to the temperature, pressure and deposition rates. This makes it nearly impossible to reproduce the exact growth procedure and adjustments in substrate temperature and deposition rates need to be made continuously, every time a cathode is grown 14 . The recipes followed for growing alkali antimonide materials are largely obtained by a trial and error process while trying to maximize the quantum efficiency without any understanding of the chemical and structural changes that take place on the surface during the growth. Such changes can be very sensitive to the growth conditions and are the cause of the surface roughness 7 . It is essential to understand these changes in order to develop reliable growth procedures that minimize the surface roughness of alkali antimonide cathodes.
In this paper we have used in-situ X-ray diffraction to study the structure of the thin film during the various stages of the deposition of K 2 CsSb photocathodes at different substrate temperatures. We detail the various structural and chemical transformations that take place during the growth of the thin film and study the effect of the substrate temperature on these transformations. The knowledge of these changes will allow us to optimize the growth recipes in order to minimize the surface roughness and increase the reproducibility.
II. EXPERIMENTAL DETAILS
In-situ X-ray diffraction growth studies on K 2 CsSb were performed at the National Synchrotron Light Source (NSLS) beamline X21 and the Cornell High Energy Synchrotron Source (CHESS) beamline G3. The X-ray measurements were performed using photon energies between 9.8 and 11.3 keV. X-ray scattering was used to monitor the samples in-situ throughout the growth. Samples were grown on p-doped Si(100) substrates through thermal evaporation in ultrahigh vacuum (UHV) with a base pressure of 1×10 −10 Torr. The 1 cm × 2 cm Si substrates were first rinsed in Acetone for 30 minutes, then rinsed in Isopropyl Alcohol (IPA) for 30 minutes. The substrates were dried with dry nitrogen and then etched in dilute hydrofluoric acid (HF) for 5 minutes in order to remove the native oxide and to hydrogen passivate the surface. After the HF treatment, the Si substrates were rinsed and stored in deionized (DI) water to minimize re-oxidation of the Si surface. The substrates were loaded into the growth chamber and annealed at 500
• C for 3 hours, then cooled to the desired substrate temperature (T S ) at which the material was deposited.
Following the standard growth technique, the photocathode material was grown in a sequential manner. First, 15 nm of Sb was thermally evaporated from PtSb beads with a rate of 0.2Å/s. This type of source has been shown to produce smoother films than evaporation from elemental Sb 15 due to the formation of monomers in the gas phase, rather than the small clusters formed in evaporation from bulk material 16 . Such films usually
show an out-of-plane roughness in the sub-nanometer range, e.g. around 3Å for a 15 nm of the materials on the sample at elevated temperature will be different compared to the sticking coefficient on the room temperature monitor. In addition, the sticking coefficient on the monitor will depend on its previous deposition history. Nevertheless, the monitor gives a rough guide to the amount of material deposited, and also is useful for setting up similar conditions between different evaporations.
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The photocurrent was measured using a Keithley 6517B electrometer and a 5.5 mW 532 nm laser as the light source. An optical filter was used to reduce the intensity of the laser light to avoid space-charge effects and the intensity was measured with a thermopile detector.
The temperature of the sample could be varied using a resistive heater, and the temperature was monitored directly with a thermocouple. X-Ray diffraction (XRD) measurements were performed in a θ/2θ geometry from a 2θ of 10
• to 35
• , using an incident beam size of 0.5 × 1 mm. A Pilatus 100K X-ray pixel detector which provides single photon detection sensitivity was used. Details of the experimental setup can be found elsewhere 7 .
III. RESULTS AND DISCUSSION

A. Growth Dynamics
Below we present the XRD measurements obtained from two samples during growth. The substrate of the first sample was kept at room temperature during the growth, whereas the substrate of the second sample was kept at 100 • C. From these measurements, the dynamics of the Sb layer deposition, conversion to K 3 Sb during K deposition and subsequent conversion to K 2 CsSb during Cs deposition can be studied. of the hexagonal K 3 Sb structure is converted and the sample is mainly K 2 CsSb. The QE at this stage was measured to be 3.4 %. At this point the film is comprised mainly of cubic K 2 CsSb with a small portion of unreacted hexagonal K 3 Sb.
Substrate at room temperature
B. Conversion to K 2 CsSb
The results of the previous section clearly show that compared to the cubic phases of K 3 Sb, the hexagonal phase is more stable and more difficult to convert to K 2 CsSb. In fact at room temperature no conversion of the hexagonal K 3 Sb phase was detectable. The difference in transformation of the two K 3 Sb phases can be explained by looking into their crystal structure. For the transformation of cubic K 3 Sb into cubic K 2 CsSb, cesium has to replace one K-atom, and this is more difficult for the closely packed hexagonal lattice.
Also, the cubic phase is usually already alkali deficient, facilitating the incorporation of Cs atoms 19 . Transforming the hexagonal structure involves not only the exchange of atoms, but also the break-down of a very stable crystal structure and the rebuilding of a new structure.
This would make the hexagonal structure highly unfavorable for converting K 3 Sb to K 2 CsSb.
In order to demonstrate full conversion to K 2 CsSb, we grew another sample at an elevated substrate temperature of 100 It can be seen that full conversion to K 2 CsSb has been achieved with only 90 nm of Cs.
This sample resulted in a QE of 6.7 %. From this measurement we can conclude that easiest conversion of K 3 Sb to K 2 CsSb occurs when the K 3 Sb is not in its stable hexagonal phase but is in the less stable cubic phase.
IV. SUMMARY AND CONCLUSION
In summary, we showed that elevated substrate temperatures simply lead to more crystalline structure in Sb thin films. However, we see that the temperature effects are more complex for the deposition and reaction with K. The reaction of K with Sb at elevated substrate temperatures goes through several phase transformations which are not detected during the reaction at room temperature. These phase transformations are very sensitive to the thickness of the K layer deposited and the substrate temperature. With T S = 100
• C, the additional thermal energy aids in the reaction between Sb and K, however it also increases the mobility of the K atoms and impedes the sticking properties of K. The elevated temperature causes faster and different reactions which result in a mixed KSb phase that quickly transforms to cubic K 3 Sb and finally to hexagonal K 3 Sb. Also, the QE may remain nearly constant during these phase transitions. The RT growth shows that without the extra thermal energy, diffusion and hence the reaction of K and Sb is impaired. Therefore, only after sufficient K is present, the Sb film converts to the most stable crystalline K-Sb phase, namely K 3 Sb.
The conversion of K 3 Sb to K 2 CsSb through the deposition of Cs seems to take similar paths regardless of sample temperature. The cubic structure of K 3 Sb converts first followed by the hexagonal phase much later. Substrate temperature does play a role in the conversion of the hexagonal phase and it is apparent that additional thermal energy is needed for conversion to K 2 CsSb. Finally, we see that a sample with a mixture of many K x Sb y intermediate phases gets easily and fully converted to K 2 CsSb yielding the best quality K 2 CsSb and showing that the conversion to K 2 CsSb is dramatically affected by the phase of the K 3 Sb layer.
In conclusion, the sensitivity of the phase change in K-Sb to the thickness of K deposited along with the preferential ease of conversion of the cubic K 3 Sb phase into K 2 CsSb are responsible for the unreliable growth process based only on QE monitoring. Further, the making and breaking of the crystal structure during conversion from Sb to K-Sb to K 2 CsSb is thought to be the cause of the surface roughness 7 .
Thus, we detail the various structural and chemical changes that take place during the sequential growth of K 2 CsSb photocathodes. Understanding these changes is the first step in developing a reliable growth procedure for alkali antimonide photocathode materials that have smooth surfaces. Developing such procedures are crucial to the successful development of several large accelerators based on ERL and FEL technologies.
